The goal was to identify HLA-DQ8-bound b cell epitopes important in the T cell response in autoimmune diabetes. We first identified HLA-DQ8 (DQA1*0301/DQB1*0302) b cell epitopes using a computational approach and then related their identification to CD4 T cell responses. The computational program (TEA-DQ8) was adapted from one previously developed for identifying peptides bound to the I-A g7 molecule and based on a library of naturally processed peptides bound to HLA-DQ8 molecules of antigen-presenting cells. We then examined experimentally the response of NOD.DQ8 mice immunized with peptides derived from the Zinc transporter 8 protein. Log-of-odds scores on peptides were experimentally validated as an indicator of peptide binding to HLA-DQ8 molecules. We also examined previously published data on diabetic autoantigens, including glutamic acid decarboxylase-65, insulin and insulinoma-associated antigen-2, all tested in NOD.DQ8 transgenic mice. In all examples, many peptides identified with a favorable binding motif generated an autoimmune T cell response, but importantly many did not. Moreover, some peptides with weakbinding motifs were immunogenic. These results indicate the benefits and limitations in predicting autoimmune T cell responses strictly from MHC-binding data. TEA-DQ8 performed significantly better than other prediction programs
Introduction
The expression of the class II MHC molecule HLA-DQ8 (DQA1*0301/DQB1*0302) is linked to susceptibility to autoimmune diabetes mellitus (1, 2) . Similar linkage to the murine I-A g7 molecules is found in the autoimmune strain NOD that develops spontaneous diabetes (3) . Both HLA-DQ8 (referred to as DQ8) and I-A g7 molecules by lacking an aspartic acid at b57 fail to form an ion pair with an arginine at a76. This absence of b57Asp is correlated with susceptibility to type 1 diabetes mellitus (T1DM) (4, 5) . The absence of b57Asp defines the P9 anchoring sites of DQ8 and I-A g7 molecules during protein processing by antigen-presenting cells (APC) (6) (7) (8) (9) (10) (11) .
Peptide bound to class II MHC molecules can be identified by biochemical analysis of eluates. These analyses have been invaluable in identifying sequence motifs responsible for peptide selection during processing. Indeed, an extensive analysis of the peptides selected by cell lines expressing either I-Ag7 or HLA-DQ8 molecules indicated a high level of peptides having one or several acidic residues at the carboxyl terminus (10, (12) (13) (14) . However, the identification of the b cell-MHC peptidome is difficult since antigens responsible for the autoimmune reaction are not directly presented, but only after transferred to an APC. Moreover, the number of islet class II bearing cells is highly limited. In this situation, computational programs that identify the peptides could be highly useful. There have been few attempts to build a computational model to predict DQ8-restricted T cell epitopes (15) (16) (17) . These programs identified a general preference for acidic residues at P9 but varied concerning the other MHC anchor residues, perhaps reflecting the limited databases on which they were based. Currently, two computational programs are publicly available for predicting peptides bound to DQ8 molecules: RankPep and MHC2Pred (18) (19) (20) . RankPep derived a weight matrix profile using DQ8-bound peptides (18) from the MHCPEP database (21) . MHC2Pred (20) applied a matrix optimization technique, which is motif less on the DQ8 peptides from the MHCBN and JenPep databases (22, 23) , and employed a support vector machine approach to distinguish the DQ8 peptide binders from the non-binders (19) .
An effective computational program was previously developed to predict the I-A g7 peptidome based on a large data of natural peptides isolated from APC lines (24) . Using the previously developed program as a template, this study reports on T cell Epitope Analyzer-DQ8 (TEA-DQ8), a program also based on naturally sequenced peptides but modified to the features of the DQ8 peptidome. TEA-DQ8 offers an effective approach to predict the DQ8 b cell peptidome and its relationship to the CD4 T cell response.
Research design and methods

TEA-DQ8
The TEA-DQ8 system was built on a program, described in Chang et al. (24) and detailed in the Supplementary data (available at International Immunology Online). In brief, the program applied a model of 100 parameters representing the 20 amino acids at the five MHC-binding pockets, P1, P4, P6, P7 and P9. The features of the model were derived from the DQ8 peptidome by iterating through an expectationmaximization (EM) algorithm. Based on this model, the structural and statistical hindering residues were defined and by treating the proteome as the baseline, log-of-odds (LOD) scores were used to indicate potential peptides bound to DQ8 molecules. The data of the DQ8 peptidome came from a previous study by Suri et al. (14) : the naturally processed peptides bound to DQ8 molecules were extracted from purified molecules isolated from cell lines expressing DQ8 and examined by tandem mass spectrometry. There were 108 peptide families, each consisting of a nine amino acid core sequence but flanked with various amino-and carboxylterminal extensions (14) . The 108 peptides examined had an average length of 15 residues. Out of each family, one peptide was selected to be representative, having the core segment and the longest amino-and carboxyl flanks.
For developing the computational program, the LOD scores with the Laplace plus-one pseudo-counts were applied to scale each residue in terms of DQ8 preferences. The LOD scores were generated based on the EM alignment results: positive LOD scores indicate bias toward DQ8 and negative LOD scores indicate bias toward the baseline proteome. For example, the acidic residues favored at the P9 pocket of DQ8 were weighed positively and the hindering residues or unfavorable residues, such as lysine and arginine at P4, P6 and P9, were weighed negatively. Furthermore, bulky residues such as phenylalanine and tryptophan, which can be accommodated by the deep P4 pocket of DQ8, were positively weighed (Fig. 1) . The acidic residues were weakly favored at the carboxyl terminus of the peptide at P10 and P11 (Fig. 1) .
Important was the use of hindering residues introduced in our prior computational study (24) and which refined the prediction by adding a penalty for each unfavorable residue. The computational hindering residues were defined by either a statistical or a structural approach. A statistical hindering residue is an amino acid that occurs well below what is expected in random assignations. For DQ8, the statistical hindering residues are glycine at P6, alanine, leucine and serine at P9 (Fig. 1) . A structural hindering residue is an amino acid whose size is larger than the pocket's size, which is estimated by the size of the largest favored residues at that position. For DQ8, the structural hindering residues are tryptophan at P1, P7 and P9 as well as phenylalanine, lysine, arginine and tyrosine at P9 (Fig. 1) .
Some of the data are displayed by WebLogo (25) (http:// weblogo.berkeley.edu/), a web interface of sequence logos program (26) . It displays the level of conservation at specific positions by the height of the residues. Each residue is sorted according to their frequency at each position.
Peptide-binding assays
The binding assays were done on soluble DQ8 proteins produced by the recombinant baculovirus system. The assays were performed under acidic (pH 5.5) conditions as in Suri et al. (14) . The I 125 -radiolabeled hemagglutinin reference peptide (FESTGNLIAPEYGFKISY) was incubated at 37°C for 48 h with increasing doses of unlabeled peptides in 20 mM 2-(N-morpholino)ethanesulfonic acid and 150 mM sodium chloride. Complexes were purified from free peptide by gel filtration Bio-spin columns (Bio-Rad). The percentage of bound peptide was evaluated by gamma counting. The concentration of unlabeled peptide required for 50% inhibition of labeled peptide binding is reported (IC50). The peptides were synthesized using fluorenylmethoxycarbonyl chemistry on a Symphony Multiplex peptide synthesizer (Protein Technologies, Tucson, AZ, USA), purified to homogeneity by C 18 reverse-phase high-performance liquid chromatography and verified by matrix-assisted laser desorption ionization timeof-flight mass spectrometry.
Enzyme-linked immunosorbent spot assays
IL-2 enzyme-linked immunosorbent spot (ELISPOT) assays were performed on the popliteal lymph nodes of the NOD.DQ8 transgenic mice. The mice were a generous gift from Dr C. S. David (Mayo Clinic, Rochester, MN, USA) and all the mice were used according to the protocols defined by the Division of Comparative Medicine, Washington University School of Medicine. The mice were immunized in the hind footpads with 10 nmol of Zinc transporter 8 (ZnT8) peptides (27) in a total volume of 100 ll (50 ll per footpad) of complete Freund's adjuvant. IL-2 capture antibody was coated onto the 96-well polyvinylidene fluoride membrane plates (Millipore, Bedford, MA, USA) 6 days after immunization. The IL-2 ELISPOT antibody was diluted and set up according to the manufacturer's direction (BD Biosciences, San Jose, CA, USA). One week after immunization, the mice were sacrificed and the draining lymph nodes were harvested. Single-cell suspensions were added to wells in triplicate (5 3 10 5 cells per well) and incubated at 37°C in 5% CO 2 for 24 h with 10 lM ZNT8 peptide in a volume of 200 ll. The IL-2-secreting cells were detected by a secondary anti-IL-2 mAb and the spots of the IL-2-secreting cells were determined by ImmunoSpot 3.2 software.
Results
Alignment of DQ8 peptides
The TEA-DQ8 program, which is explained in the Supplementary data (available at International Immunology Online), was based on a previous study on peptides bound to I-A g7 proteins (24) . The information for the EM alignment of the DQ8-bound peptides came from the study of Suri et al. (14) . The alignment confirmed the binding motif deduced in that study of 108 peptides and in the crystallographic reports (6, 7, 11) (Fig. 1A) . It indicates a strong preference for acidic residues at P9, a preference for acidic residues at P1, for small residues at P4, P6 and P7 (alanine and serine) and for proline and valine at P6.
The EM alignment of the I-A g7 -bound peptides was used for comparison. (One hundred and ninety-two peptides were examined with an average length of 17 residues (10, 24) .) Similar to the DQ8-bound peptides, the I-A g7 -bound peptides strongly favor acidic residues at P9 and small residues at P6 (alanine and serine). However, instead of small-sized residues, the I-A g7 -bound peptides prefer medium-sized hydrophobic residues at P4 (leucine, isoleucine and valine). The P7 pocket of I-A g7 displays a special preference for bulky residues (phenylalanine and tyrosine), which was not found in DQ8. In addition, unlike the DQ8-bound peptides, the I-A g7 -bound peptides show no preference for acidic residues at P1. Another difference between DQ8 and I-A g7 is the presence of proline found in DQ8 at P6 but rare in the MHCbinding pockets of I-A g7 (Fig. 1B) .
Testing the program on the ZnT8 response
To predict the DQ8-restricted T cell epitopes of a protein, TEA-DQ8 followed the procedure in Chang et al. (24) . A sliding window whose size was nine amino acids long traversed the peptide segments to determine the LOD scores based on the MHC-binding pockets; that is the cumulative LOD scores at P1, P4, P6, P7 and P9. The predicted value was treated as an indicator for the potential MHC-binding and T cell epitopes. The LOD values were refined with analysis of the hindering residues and then were sorted to rank the peptide segments as the potential MHC-binding epitopes.
To demonstrate that the LOD scores can distinguish the binding properties of a peptide, an experiment was designed with the ZnT8 protein, recently identified as a diabetic autoantigen (27) . Each peptide segment was assigned an LOD score and sorted into two groups: one having the top five values and the other group having the lowest of the top 30 sorted values (Supplementary Table 1 , available at International Immunology Online). Those with high LOD scores were expected to be good binders, while those with low LOD scores were expected to be weak binders. Four peptides were chosen from each group to measure the binding affinity. The binding experiment shows that the group with high LOD scores binds DQ8 molecules better than those with low LOD scores (Table 1) . (As in the previous study with I-A g7 , a strict relationship between LOD score and IC50 value was not found.) Each of the peptides was then tested by immunizing NOD.DQ8 mice with them. Only peptides 166-179 induced a robust response when examined in ELISPOT assays (Fig. 2 ). Table 1 also shows that the two public programs performed considerably less well.
Epitope prediction and T cell responses
Several epitopes from b cell proteins have been identified in DQ8 transgenic mice and also in human patients. In none of these studies was the relationship established between the T cell responses and the MHC-binding interactions with the DQ8 molecule; that is whether the core segments of the antigenic peptides contained a favorable or unfavorable MHCbinding sequence. We examined the published information applying the computational program for predicting the DQ8-binding segment (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (Supplementary Table 2 , available at International Immunology Online). We selected to evaluate three proteins, glutamic acid decarboxylase-65 (GAD65), protein tyrosine phosphatase insulinoma-associated antigen-2 (IA-2) and pre-proinsulin, in which NOD.DQ8 mice had been immunized with the protein or with peptides derived from it and then the T cell response was tested.
Human GAD65. The TEA-DQ8 scan of the entire GAD65 protein with the ranking of the 9-mer peptide segments are shown in Table 2 Three results emerged from these evaluations: (i) out of the eight peptide segments known to induce a response, six were predicted by our program in the top 25 (ranked 4, 13, 14, 19, 22 and 25); (ii) some segments predicted to bind well and which showed an excellent sequence motif did not induce T cell responses-note the first three in the list-thus there is no direct relationship between rank order and T cell responses, in accordance with the results shown with ZnT8 and (iii) epitopes predicted to bind weakly and which had a poor sequence motif, induced T cell responses, such as the epitope included in peptides 126-140, ranked in 243 in Herman et al. (28) , and peptides 121-140 and 231-250, Table 2 includes the 9-residue core identified by TEA-DQ8 in the three segments.)
IA-2. Peptides from the cytoplasmic region of IA-2 were examined in a study by Kudva et al. (33) . Each transgenic DQ8 mouse was immunized with one of 25 peptides, each of 18 residues in length: the T cell response was tested 10 days later. These 18-mer peptides spanned across the cytoplasmic region of IA-2 and each peptide overlapped adjacent peptides by three residues. Of the nine peptides that induced a T cell response, seven were among the top 20 peptides ranked by TEA-DQ8 scanning the entire IA-2 protein. However, in agreement with the GAD65 results, two of them ranked 29 and 70, also induced T cell responses, despite having very poor binding motifs. Likewise, of the 16 peptides that did not induce a response, four were among the top 20, including three that were ranked 1, 4 and 9 and which contained an excellent binding motif. The remaining 12 were ranked <20 (Table 3) .
Insulin. In the human pre-proinsulin, the transgenic DQ8 mice were injected with peptide and tested a week later (34) . These peptides which spanned across pre-proinsulin were 20 amino acids in length overlapping adjacent peptides by 10 residues. This experiment was designed to test all possible binding registers although the precise 9-mer segments were not identified. Out of 10 peptides, six stimulated a T cell response and were associated with higher LOD scores (Table 4) .
Other proteins. Examined in NOD.DQ8 mice, the oral response to gliadin resulted in response to only two peptides out of 26 that were tested (36) . These two peptides were ranked 1 and 11 (Supplementary Table 2 , available at International Immunology Online). However, along the lines of the results discussed above, a number of other peptides ranked high, which showed excellent core sequences, were negative. For one example, peptides 147-155: QSTYQLLQE, ranked as 13. In another study, immunization with a number of peptides from the house dust mites allergen P2 elicited T cell responses including one which had a poor sequence motif and was ranked 33 (peptides 102-110: ENVVVKVYTV, LOD score of À0.67) (42) . Again a number of peptides with excellent core sequences, failed to stimulate T cell responses. For example, peptides 105-113: VVTVKVMGD, ranked as 10 having a LOD score of 0.33. Two other studies also from David's laboratory echoed these same results (43, 44) (data not discussed).
There were no obvious differences in sequences between peptides that generated a T cell response and those that failed, when considering all peptides in the database. (The database has 78 peptides with P9 glutamic acid or aspartic acid among those that did not stimulate T cells, compared with 43 among those that did stimulate; other peptides with non-acidic residues at P9 represented a minority but still did not show any differences.) Whether in the two groups there was a preferential association with other residues was also examined. The group that stimulated T cells showed a slight preference for proline in the P1 to P8 segment, ;8.8%, compared with 3.7% in the group that did not stimulate T cells. Particularly at P6, the former showed a preference for alanine, proline and valine: 48.8% versus 25.6%. Clearly, the numbers are too small to point to a significant relationship, but these are recorded in Supplementary Figure 1 (available at International Immunology Online). Finally, TEA-DQ8 outperformed two of the public programs (Table 1 and data not shown). Neither RankPep nor MHC2Pep identified any of the peptides that induced a T cell response in the ZnT8 or GAD65.
Discussion
We presented a computational model for predicting the DQ8 peptidome and applied it to the identification of the b cell-DQ8 peptidome. A computational program that identifies the b cell-DQ8 peptidome will facilitate the discovery of novel T cell epitopes in T1DM: it will be practically impossible to identify the b cell-DQ8 peptidome (or the b cell-I-A g7 peptidome) by sampling natural peptides from the islets. Presentation of b cell class II epitopes is by way of cell transfer since the b cells do not express class II molecules. Moreover, the number of APC within islets is very limited. In the mouse system, we are testing insulinomas that are made to express class II molecules but with a modest degree of success (45) .
The main characteristics of the program included applying a specialized EM algorithm that aligned the DQ8 naturally processed peptides based on their MHC-binding pockets, determined computationally the hindering residues of DQ8 molecules and utilized the LOD scores with a baseline proteome. We had reported a program to identify I-A g7 peptidome (24) , which as indicated previously has some differences from DQ8 peptidome, particularly at P1 and P4. One advantage is that the program was based on peptides The predicted binding registers matched the minimal epitopes identified by the truncation analysis. found in naturally processed proteins rather than on peptide libraries or phage display libraries in which the peptides are not edited by the processing process. The nature of peptides in the former differs from those in the latter (45) .
Several conclusions became apparent as the program was applied to the b cell proteins and for re-evaluating the published results of others. TEA-DQ8 distinguished the peptide binders of DQ8 molecules as indicated in the examination of ZnT8: the peptides with high LOD scores bound better than those with low LOD scores. Similar results were previously found with the peptides bound to I-A g7 . Using mathematical proof based on the hypergeometric distribution, TEA-DQ8 performed significantly better than random guessing and it outperformed other programs that predict DQ8 epitopes.
Although TEA-DQ8 identifies correctly peptides that bind to DQ8, predicting those that are the targets of T cell responses is fraught with uncertainty. As a generalization, the program identified immunogenic peptides that induced T cell responses, but these were not ranked best in all examples. However, the lack of absolute relationship between the rank order and the LOD scores and the presence or extent of the T cell responses is very evident with the four examined b cell antigens. Many peptide segments predicted to bind well and which, indeed, showed the favorable binding motifs, did not elicit T cell responses. In contrast, some poor binding peptides were immunogenic.
Three explanations can be offered for interpreting these results: first, an epitope may have an excellent binding sequence but the segment of the protein is not appropriately selected for processing; that is, the peptide is poorly displayed or not at all. When examining the natural peptides selected by class II molecules, we commented previously that the display and selection of peptides did not equate necessarily to their binding affinity (10, 13) . Peptide selection from antigen processing depends on other factors that are beyond having a class II MHC peptide-binding motif. Clearly, several factors can come into play. Conditions that should influence selection of peptides during antigen processing include the extent of expression of the protein, the localization in the cell, the susceptibility to proteolysis and the presence or absence of interaction with auxiliary molecules like HLA-DM. Thus, this is one major factor for the lack of relationship between binding and degree of the T cell response.
Second, the selection of T cells may depend on the availability of primary T cells to the peptide-MHC and/or to the regulatory process that control the reactivity of the primary T cell repertoire. In the experiments with ZnT8, IA-2 or insulin discussed here, immunization was made with a library of peptides so the issue of processing need not to be considered to explain the lack of T cell responses. The simplest conclusion is that the functional T cell receptor repertoire is limited to only a fraction of the MHC-presented peptides. In the context of autoimmune proteins, some epitopes may be very effective in inducing negative selection, while some may not, depending on the factors described above including the extent of expression in the thymus and the binding affinity to class II MHC molecules and on the interactions with regulatory T cells.
Finally, another important feature with self-proteins is that very weak class II-binding epitopes are effective in inducing T cells (46) . In the perspective of autoimmune diabetes, we called attention to insulin peptides in NOD mice which induce strong T cell responses but which bind weakly to the I-A g7 molecule (47, 48) . Further examples were noted here in the response to GAD65 and IA-2. Such weak-binding peptides will be difficult to identify by any computational program. Weak-binding peptides may evade negative selection and become the predominant effector reaction.
The ideal computational program is the one that first identifies peptide segments that bind to the MHC, such as this one described here, but second segregates the peptides into those that favor or do not favor T cell responses; that is assuming that differences among the two groups may exist. The present information is limited for the second, but this will be the goal in the future as more data become available.
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